Eukaryotic DNA replication is initiated at multiple origins of replication, where many replication proteins assemble under the control of the cell cycle [1] . A key process of replication initiation is to convert inactive Mcm2-7 to active Cdc45-Mcm-GINS (CMG) replicative helicase [2] . However, it is not known whether the CMG assembly would automatically activate its helicase activity and thus assemble the replisome. Mcm10 is an evolutionally conserved essential protein required for the initiation of replication [3, 4] . Although the roles of many proteins involved in the initiation are understood, the role of Mcm10 remains controversial [5] [6] [7] [8] [9] . To characterize Mcm10 in more detail, we constructed budding yeast cells bearing a degron-fused Mcm10 protein that can be efficiently degraded in response to auxin. In the absence of Mcm10, a stable CMG complex was assembled at origins. However, subsequent translocation of CMG, replication protein A loading to origins, and the intra-S checkpoint activation were severely diminished, suggesting that origin unwinding is defective. We also found that Mcm10 associates with origins during initiation in an S-cyclin-dependent kinase-and Cdc45-dependent manner. Thus, Mcm10 plays an essential role in functioning of the CMG replicative helicase independent of assembly of a stable CMG complex at origins.
Results and Discussion
Mcm10 is an evolutionally conserved protein essential for chromosome replication [3, 4] . The conserved central region has an OB-fold/Zn-loop domain that contains clusters of basic residues forming a single-stranded DNA (ssDNA) binding domain [10] . Mcm10 binds to ssDNA and double-stranded DNA (dsDNA) [11] [12] [13] and forms a hexameric ring-structured complex although the significance of the complex formation is not known [14] . Genetic and physical interactions between Mcm10 and initiation factors suggest that Mcm10 has an essential function in the initiation of DNA replication [4, 15, 16] . However, the role of Mcm10 in the initiation is still controversial. Studies in Xenopus and in budding and fission yeasts found that Mcm10 is required for Cdc45 loading to origins [5] [6] [7] . In budding yeast, Mcm10 is also reported to play a role for the stability of Pola [8, 17] . In contrast, a recent in vitro study using budding yeast extracts showed that Mcm10 is required for the loading of Pola and Pold, but not for Cdc45 loading [9] . We revisit the in vivo function of budding yeast Mcm10 in conditional mutants generated by the use of a recently developed auxin inducible degron (AID) technology [18] .
S-CDK-and Cdc45-Dependent Association of Mcm10 with Origins
We used a chromatin immunoprecipitation (ChIP) assay combined with quantitative real-time PCR to detect proteins at specific chromosome loci including origins (see Figure S1 available online) [19, 20] . Budding yeast cells expressing Mcm10-5FLAG were synchronized in G1 phase and then released into S phase ( Figure 1A , S-cyclin-dependent kinase [CDK] ON). Mcm10 association with the early-firing origin ARS305 was examined ( Figure 1B , S-CDK ON). The association signal of Mcm10 with ARS305 sharply increased at 30 min and quickly declined later. We observed similar results at the early-firing origin ARS306 ( Figure S2 ). At the late-firing origin ARS501, a broader association peak was observed at 30 and 45 min. These results suggest that Mcm10 associates with origins during the initiation process.
Because S-CDK activation is essential for the initiation [21, 22] , we investigated whether the Mcm10 association with origins requires S-CDK activity. To inactivate S-CDK, we expressed the CDK inhibitor Sic1DNT protein in cells synchronized in G1 phase [23] . After releasing from the G1 block, the cells did not duplicate their genomic DNA ( Figure 1A , S-CDK OFF). The Mcm10 association with ARS305 was barely detected without S-CDK activity ( Figure 1B , S-CDK OFF), suggesting that S-CDK activity is required for Mcm10 loading to origins in vivo.
We then asked whether Cdc45 is required for Mcm10 association with origins in vivo. To deplete Cdc45, we used the cdc45-aid cells (Figure 2A ) [18] . After synchronization in the G1 phase, degradation of Cdc45-aid was induced by auxin addition before releasing the cells from the G1 block. In the absence of Cdc45, the cells did not duplicate DNA ( Figure 1C ) [24] . The association of Mcm10 with ARS305 was lost in the absence of Cdc45 ( Figure 1D) , showing that Cdc45 is required for the Mcm10 association with origins.
Our in vivo results support the recent in vitro observation that GINS, Cdc45, and Dpb11 are required for origin loading of Mcm10 [9] . However, we do not completely rule out the possibility that Mcm10 is recruited to origins from the G1 phase [8] because it is possible that our ChIP condition might not capture the interaction between Mcm10 and origins in the prereplicative complex (pre-RC). Figure 1E ). In accordance with previous reports [19, 25, 26] , Cdc45 associated with ARS305 in the G1 phase, and the association signal increased upon activation of the origin in S phase ( Figure 1F ). At 30 to 75 min, Cdc45 association was detected at the +2 kb locus and gradually shifted to the +4 kb locus at 45 to 75 min, indicating that Cdc45 was moving slowly. Mcm10 association was detected at ARS305 from 30 to 60 min, and weakly at the +2 kb locus from 45 to 60 min ( Figure 1G ). In the previous report using a conventional PCR [8] , the weak Mcm10 The cells were grown in YPR were synchronized in the G1 phase in the presence of 10 mg/ml a factor for 3 hr. They were subsequently transferred to YPG containing 7.5 mg/ml a factor and incubated for 1 hr before being released into YPG. The released cells were sampled at the indicated time points.
Mcm10 May Transiently Associates with the Replisome
(B) ChIP analysis of Mcm10-5FLAG. The time course samples of YJW30 (S-CDK ON) and YJW52 (S-CDK OFF) cultured in (A) were processed for ChIP to detect Mcm10-5FLAG at the indicated loci. We performed three PCR reactions for each ChIP sample to obtain a standard deviation (SD).
(C) Flow cytometric analysis of the YJW65 cells (MCM10-5FLAG, cdc45-aid, GAL-OsTIR1-9Myc). The cells precultured in YPR were arrested in the G1 phase in the presence of 10 mg/ml a factor for 3 hr. They were transferred to YPG containing 7.5 mg/ml a factor and subsequently incubated for 45 min. The culture was split into two for incubation in the presence (2Cdc45) or absence (+Cdc45) of 500 mM IAA (indole-3-acetic acid; auxin) for 1 hr. The cells were then released into YPG with or without 500 mM IAA, respectively, and withdrawn at the indicated time points.
(D) ChIP analysis of Mcm10-5FLAG. The cells sampled in (C) were processed for ChIP to detect Mcm10-5FLAG at the indicated loci. We performed three PCR reactions for each ChIP sample to obtain an SD. association signals at nonorigin locus might have been emphasized. In support of our results, Mcm10 was detected at a low level in the stalled replisome complex, but not in the helicase complex in Xenopus [27] . Although Mcm10 is regarded to be a component of the replisome progression complex (RPC), Mcm10 interacts with GINS rather at high salt condition unlike other replisome components [28, 29] , suggesting that Mcm10 may not be a core component of RPC. Taken these reports as well as our ChIP results, we favor the idea that Mcm10 transiently associates with the replisome.
A Novel Conditional Allele, mcm10-1-aid, Shows a Pronounced Defect in DNA Replication We and others noticed that conventional temperature-sensitive (ts) alleles of mcm10 enter the S phase gradually and duplicate most genomic DNA at later time points at the restrictive temperature ( Figure 2B , mcm10-1) [16] . Such a phenotype would obscure the defect upon Mcm10 inactivation. We therefore tried to construct a better conditional strain using the AID technology [18] . However, the mcm10-aid cells showed a leaky phenotype (Figure 2A , mcm10-aid). We thus constructed the mcm10-1-aid cells that did not grow on agar medium containing auxin without a temperature shift (Figure 2A , mcm10-1-aid). Importantly, the mcm10-1-aid cells showed a more pronounced defect at the G1-S transition than the mcm10-1 cells under the restrictive conditions ( Figure 2B ). Figure 2D ) [8, 17] . Because Mcm10 interacts with Pola [11, 17] , Pol1 might be more affected after a drastic shift to higher temperatures in the mcm10-ts cells. We also found that slow migrating Pol12, the second largest subunit of Pola, accumulated in the absence of Mcm10, suggesting that the cells arrested in the presence of high CDK that phosphorylates Pol12 [31] . We thus concluded that the lethality caused upon Mcm10 depletion was not because of the destabilization of Pola but because of another defect in DNA replication in the mcm10-1-aid strain. Mcm10 association occur in a mutually dependent manner, or Mcm10 plays a role independent of CMG formation. To distinguish between these two possibilities, we studied Cdc45 association with origins in the presence or absence of Mcm10. Cells expressing Cdc45-5FLAG in the mcm10-1-aid background were initially arrested in the G1 phase. After releasing from the G1 block, the cells induced for Mcm10 depletion did not duplicate DNA ( Figure 3A ). In the presence of Mcm10, Cdc45 association was detected at ARS305 in the G1 phase ( Figure 3B, +Mcm10 ). The Cdc45 association signal then increased at 30 min followed by a sharp decline at 45 min. At 30 min, Cdc45 association was concomitantly (A) Flow cytometric analysis of the YJW60 cells (CDC45-5FLAG, mcm10-1-aid, GAL-OsTIR1-9Myc). The cells initially precultured in YPR were synchronized in the G1 phase in the presence of 10 mg/ml a factor for 3 hr. They were transferred to YPG containing 7.5 mg/ml a factor and subsequently incubated for 45 min. The culture was split into two to further incubate in the presence (2Mcm10) or absence (+Mcm10) of 500 mM IAA for 1 hr before being released into YPG. Time course samples were taken at the indicated time points.
(B) ChIP analysis of Cdc45-FLAG. The cells withdrawn in (A) were processed for ChIP to detect Cdc45-5FLAG at the indicated loci. We performed three PCR reactions for each ChIP sample to obtain an SD. (C) Schematic illustration of the cell culture procedure used in (E) and (F). The YJW184 cells (PSF2-5FLAG, MCM4-6HA, mcm10-1-aid, GAL-OsTIR1-9Myc) precultured in YPR were synchronized in the presence of 10 mg/ml a factor for 3 hr before being cultured in YPG containing 7.5 mg/ml a factor for 45 min. The culture was split into two to incubate in either the presence (2Mcm10) or the absence (+Mcm10) of 500 mM IAA for 1 hr before taking G1 samples. The cells were released into YPG containing 0.2 M HU with or without 500 mM IAA and arrested for 50 min to take S phase samples.
(D) The cells cultured in (C) were analyzed by flow cytometry (G1 and +HU). To confirm Mcm10 inactivation functionally, we released the cells arrested in G1 phase into YPG with or without 500 mM IAA, and DNA replication was analyzed after 50 min (2HU). Even in the absence of HU, DNA replication was not induced in the cells treated with IAA showing that Mcm10 was depleted efficiently in the cells (2HU, 2Mcm10).
(E) Immunoblotting to detect Mcm4-6HA and Psf2-FLAG. The YJW184 cells (MCM4-6HA, PSF2-5FLAG, mcm10-1-aid, GAL-OsTIR1-9Myc) were grown following the protocol shown in (C). Extracts were made from the cells arrested in either G1 or S phase for immunoprecipitation of Psf2-5FLAG. One-twentieth of input extracts relative to FLAG IP was loaded as input. Mcm4-6HA and Psf2-5FLAG were detected using monoclonal anti-HA (12CA5, Roche) and anti-FLAG (M2, Sigma) antibodies, respectively. Arrowhead indicates slow-migrating Mcm4.
(F) The IP samples from S phase cells prepared as in (E) were washed with a buffer containing 150, 300, or 500 mM KOAc, respectively. Proteins were detected as in (E). The arrowhead indicates slow-migrating Mcm4.
detected at the +4 and 9 kb locus, suggesting that Cdc45 was traveling [25] . In the absence of Mcm10, Cdc45 association was detected at ARS305 in G1 phase as in the control ( Figure 3B, 2Mcm10) . However, the Cdc45 signal reached to a high level at 30 min and was maintained even at 60 min, suggesting that Cdc45 remained at ARS305. Decline of the Cdc45 signal from 30 to 60 min might be because of an abortive loss of Cdc45 from the origin and/or leakage caused by residual Mcm10. We obtained similar results at ARS306 ( Figure S3A ). These results support the hypothesis that Mcm10 plays a role independent of CMG formation. A previous report showed that Cdc45 association with ARS1 is partially reduced after releasing the mcm10-1 cells in HU medium for 90 min at 36 C [7] . Because Cdc45 association with origins gradually declined following the time course in the absence of Mcm10 ( Figure 3B, 2Mcm10) , the former analysis might have caught the declined association signal of Cdc45 at a later time point.
If Mcm10 plays a role independent of CMG formation, a CMG complex should form without Mcm10. We therefore analyzed CMG formation by immunoprecipitating the GINS Psf2 subunit. Cells expressing both Psf2-5FLAG and Mcm4-6HA in the mcm10-1-aid background were synchronized in G1 phase. In the presence or absence of Mcm10, the cells were released into HU containing medium ( Figure 3C ). Mcm10 depletion was verified by a nonincrease of DNA content in the cells released into medium without HU (Figure 3D, 2HU, compare +Mcm10 and 2Mcm10) . In both conditions, slow-migrating Mcm4 was detected only in S phase extracts, suggesting that Mcm4 was phosphorylated by DDK ( Figure 3E, lanes 3 and 4) [32, 33] . Intriguingly, only the slowmigrating Mcm4 protein was coimmunoprecipitated with Psf2 both in the presence and absence of Mcm10, strongly suggesting that a CMG complex formed even without Mcm10 ( Figure 3E, lanes 7 and 8) . We also noticed that Mcm4 was coprecipitated 16% less efficiently in the absence of Mcm10, implying that Mcm10 might have a minor role for CMG formation (compare lanes 7 and 8). In different organisms such as Xenopus and S. pombe, this feature might be more pronounced [5, 6] . The immunoprecipitants were unaffected after a 500 mM potassium acetate (KOAc) or NaCl wash showing that a CMG complex formed without Mcm10 is salt resistant ( Figure 3F ; Figure S3B ). Taking the observation that Cdc45 remained at origins ( Figure 3B ; Figure S3A ), we concluded that a stable CMG formed and stayed at origins without Mcm10.
Origin Unwinding Is Defective in the Absence of Mcm10
Our results shown above prompted us to test whether origin unwinding following CMG formation would be affected in the absence of Mcm10. We therefore analyzed the association of the single-strand binding replication protein A (RPA) protein. Cells expressing Rfa1-5FLAG, the largest subunit of RPA, were synchronized in the G1 phase before releasing from the G1 block. Note that we did not use HU, which induces the accumulation of RPA at unwound origins [34, 35] . The DNA content of the cells stayed at 1C up to 60 min in the absence of Mcm10 ( Figure 4A ). In the presence of Mcm10, Rfa1 association was detected at ARS305 mainly at 30 min, suggesting that origin unwinding occurred at this time (Figure 4B, +Mcm10) . Rfa1 association was also detected at the nonorigin at 30 and 45 min. Strikingly, Rfa1 association with ARS305 was severely reduced in the absence of Mcm10 (Figure 4B, 2Mcm10) , suggesting that origin unwinding was defective. We also observed that similar results at ARS306 and ARS501 ( Figure S4 ). Moreover, Rfa1 association was not detected above the background level at the nonorigins throughout the time course. Even though there was a clear defect, a slow and low Rfa1 accumulation was observed at the origins. We interpret this as being caused by incomplete Mcm10 depletion. If an efficient origin unwinding was defective in the absence of Mcm10, the intra-S checkpoint activation requiring ssDNA exposure should be defective without Mcm10 [36] . To test this, we investigated Rad53 phosphorylation in cells depleted of Mcm10 or Cdc45. We initially synchronized the mcm10-1-aid or cdc45-aid strain in the G1 phase. After Mcm10 or Cdc45 depletion, the cells were released into HU containing medium to activate the intra-S checkpoint. In the presence of Mcm10 and Cdc45, a slow-migrating form of Rad53 was accumulated at the later time points (Figures 4C and 4D,  left) . In sharp contrast, the mobility shift of Rad53 was severely diminished in the absence of Mcm10 or Cdc45 ( Figures 4C and 4D, right) . Taking into account that Cdc45 is a CMG component and is thus essential for origin unwinding [37, 38] , these results reinforce the hypothesis that origin unwinding is defective in the cells without Mcm10. Taken together with the results showing that a stable CMG stayed at origins (Figure 3 ), we concluded that Mcm10 plays an essential role at a time window after CMG formation and before origin unwinding. This strongly suggests that Mcm10 is involved in functioning of CMG as the active replicative helicase.
Our in vivo results showing order and dependency of origin association of Cdc45 and Mcm10 fit well to the observations made in vitro [9] . We further extended this knowledge by demonstrating that a stable CMG forms and origin unwinding is defective in the mcm10-1-aid cells (Figures 3  and 4) . We therefore propose that after the stable assembly of CMG at origins, there is a process in which Mcm10 plays an essential role in functioning of CMG. A similar conclusion was made after studies in S. pombe and S. cerevisiae (personal communication with Dr. Masukata and Dr. Labib, respectively).
Mcm2-7 encircles dsDNA in pre-RC and is proposed to encircle the leading-strand ssDNA template in the replisome [39] [40] [41] . Therefore, Mcm10 may play a role for origin unwinding and ssDNA exclusion from the Mcm2-7 ring by interacting with DNA and/or Mcm2-7. Alternatively, Mcm10 may be indirectly required for helicase activation through the loading of another factor to make a functional replisome complex.
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